T he low-density lipoprotein (LDL) receptor is best known for its role in mediating the hepatic uptake of LDL from plasma. 1 Mutations in the LDL receptor frequently result in familial hypercholesterolemia (FH), a disorder associated with hypercholesterolemia and premature atherosclerosis. 1 Whereas patients with FH have elevations in LDL cholesterol levels, plasma triglyceride levels are generally normal, 1 suggesting that other mechanisms clear the majority of triglyceride-rich very-low-density lipoprotein (VLDL) and VLDL remnants. Previous studies conducted using lipoproteins exogenously labeled with radiotracers have demonstrated a slower fractional catabolic rate (FCR) of intermediate-density lipoprotein (IDL) and LDL apolipoprotein (apoB), but not VLDL apoB, in homozygous FH patients. 2, 3 In addition to the role of mediating clearance of apoBcontaining lipoproteins, a role for the LDL receptor in regulating the hepatic production rate (PR) of VLDL apoB has been proposed. 4, 5 Williams et al 4 observed that blocking LDL receptor on the surface of the HepG2 cells affected apoB secretion. This led them to conclude that there can be reuptake of newly secreted apoB from hepatocytes by the LDL receptor. Twisk et al 5 studied apoB secretion in vitro using primary hepatocyte cultures from Ldlr Ϫ/Ϫ and wild-type mice. They found that hepatocytes from Ldlr Ϫ/Ϫ mice had reduced intracellular degradation resulting in an increased PR of apoB, which led to their hypothesis that the LDL receptor targets apoB for degradation within the secretory pathway. 5 In vivo studies using the Watanabe heritable hyperlipidemic (WHHL) rabbit showed no effect of LDL receptor deficiency on VLDL production. 6 However, the WHHL rabbit has defective LDL receptors 7 that can potentially influence apoB production. 5 We measured apoB production in Ldlr Ϫ/Ϫ mice and found that despite having a complete absence of LDL receptors, the apoB PR in these animals was similar to wild-type mice. 8 Kinetic studies of apoB in homozygous FH patients conducted using radiolabeled lipoproteins have not conclusively established whether deficiency of LDL receptors influences apoB production in humans. 2, 3 In the current study, we used an endogenous labeling approach with a stable isotope tracer to study the metabolism of apoB in vivo in homozygous FH subjects. The results indicate that in patients lacking a functional LDL receptor, the PR of apoB is significantly increased.
Methods

Subjects
Seven homozygous FH patients were recruited from a cohort followed at the University of Pennsylvania. Four healthy individuals were recruited to act as control subjects. All patients and subjects were nonsmokers with normal hepatic, renal, and thyroid function. Control subjects were not using any medications known to affect plasma lipid levels. FH patients stopped all lipid-lowering treatments 4 weeks before the kinetic studies. The protocol was approved by the Human Investigational Review Board of the University of Pennsylvania. All subjects gave informed consent.
DNA Analysis
Genomic DNA was prepared from peripheral blood leukocytes. 9 For denaturing gradient gel electrophoresis analysis, 10 the promoter region 11 and all 18 exons of the LDL receptor, including the exon-intron boundaries, 10, 12 were individually amplified from genomic DNA by polymerase chain reaction using TaqDNA polymerase (Qiagen, Germany).
Fragments showing an aberrant pattern of bands, suggestive of a sequence variation, were separately amplified by polymerase chain reaction using the same oligonucleotide primer pairs as used for denaturing gradient gel electrophoresis. The sequence reactions were performed using fluorescently labeled dideoxy chain terminations with the Big Dye Terminator ABI Prism Kit (Applied Biosystems) and analyzed on the Applied Biosystems Model 310 automated DNA sequencer. For confirmation of the sequence variant in other patients, a polymerase chain reaction protocol followed by restriction endonuclease digestion was designed.
Infusion Protocol
Subjects were admitted to the General Clinical Research Center of the Hospital of the University of Pennsylvania. After an overnight fast, subjects consumed the first of 10 bi-hourly solid meals representing one-tenth of the daily caloric intake containing Ͻ10% fat. One hour after the first meal, subjects were given a bolus injection (20 
Plasma Lipids and Lipoprotein Fraction Preparation
Blood was collected in tubes containing EDTA. Plasma was separated by centrifugation and preservatives added. VLDL1, VLDL2, IDL, and LDL were isolated by ultracentrifugation. 13 Plasma total cholesterol, high-density lipoprotein, and triglyceride concentrations were determined using enzymatic reagents (Wako Chemicals USA, Richmond, Va).
Isolation and Quantification of Apolipoproteins
ApoB was isolated from the lipoprotein fractions by isopropanol precipitation, norleucine added as an internal standard, followed by hydrolysis with 6 mol/L HCl at 100°C for 24 hours. 14 Under the study dietary conditions there was a negligible contribution of apoB48 (Ͻ4%) to the precipitated apoB in the VLDL1 and VLDL2 fractions. ApoE phenotypes were determined on neuraminidasetreated plasma using the method of Havekes et al. 15 
Determination of Isotopic Enrichment
Free amino acids were isolated from apoB protein hydrolysates by cation exchange chromatography followed by derivatization and determination of tracer/tracee ratio using gas chromatography/mass spectrometry as described. 16 Plasma apoB concentrations were measured using an immunoturbidimetric assay (Wako Chemicals USA). The apoB concentration within each lipoprotein fraction was calculated from the apoB leucine content of that fraction, relative to the norleucine internal standard, 17 and adjusted to reflect the proportion of total apoB.
Kinetic Analysis
ApoB metabolic parameters (PR and FCR) were calculated from apoB tracer/tracee ratios using 2 independent compartmental models. The first analysis used a previously described model 18 with a total VLDL tracer/tracee data set created by taking the weighted mean of the VLDL1 and VLDL2 tracer/tracee data. A confirmatory analysis was conducted 19 using the model shown in Figure 1 . Both analyses provided similar results. The data included in the manuscript are from the latter analysis. Model calculated pool sizes were within 5% of measured pool size (average of 6 apoB measurements taken over the course of the 96-hour study period).
VLDL1 and VLDL2 kinetic parameters for FH1 were fixed to the average values of the remaining 6 FH patients because of the low concentration of VLDL1, and hence poor tracer data in this subject. Subject C4 had an LDL apoB pool with a rapid turnover (10% of the total LDL pool). To reduce complexity, this portion of the kinetic curve was unweighed.
Statistical Analysis
Statistical comparisons between study groups were made with a Wilcoxon rank sum test. Probability values Ͻ0.05 were considered statistically significant.
Results
The subject characteristics at the time of the kinetic study are shown in Table 1 . The FH patient group contained 4 males and 3 females and the control group consisted of 2 males and 2 females. All patients and controls displayed an apoE3/3 
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phenotype. At the time of the kinetic study, the FH patients had significantly higher total cholesterol levels (511Ϯ100 versus 128Ϯ14 mg ⅐ dL Ϫ1 ; PϽ0.008) and significantly lower high-density lipoprotein cholesterol levels (26Ϯ9 versus 42Ϯ3 mg ⅐ dL Ϫ1 ; PϽ0.023) than controls, whereas plasma triglyceride levels were similar between the 2 groups (114Ϯ74 versus 73Ϯ22 mg ⅐ dL Ϫ ; Pϭ0.26). Patient FH6 was hypertriglyceridemic whereas the remaining FH patients were normotriglyceridemic.
Representative tracer/tracee ratio curves for the FH and control groups are shown in Figures 2 and 3 . The calculated pool sizes within each fraction are shown in Table 2 (Table 3 ). There were also no significant differences in the total PRs (direct hepatic production plus conversion from other fractions) of apoB in any lipoprotein fraction or conversion rates of apoB between lipoprotein fractions. There was a nonsignificant trend toward an increased total apoB PR in FH patients compared with controls (32.11Ϯ10.44 versus 21.32Ϯ4.21 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 ; Pϭ0.06). Three of the FH patients were receptor-defective and therefore expressed partially functional LDL receptor. A subgroup analysis was conducted in the 4 LDL receptor-null patients with the FH Lebanese mutation (C660X). This mutation produces a truncated receptor that is not fully processed and is degraded before reaching the cell surface, 20 resulting in a LDL receptor-null phenotype. A subanalysis comparing receptor-null FH patients to controls showed that these patients had significantly increased total VLDL2 and IDL apoB PRs than control subjects (20 
Discussion
This report of apoB kinetics using endogenous labeling with stable isotopes confirms that LDL apoB clearance is markedly decreased in homozygous FH patients. It also establishes 
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that homozygous FH patients with mutations resulting in a complete absence of the LDL receptor have an increased apoB PR, supporting predictions based on in vitro studies. An important aspect of this study is that all FH patients were characterized for their LDL receptor mutations at the molecular level. Three of the 7 FH patients (FH1 to FH3) had receptor-defective mutations that either resulted in reduced levels of functional receptor (FH1) 21, 22 or affected ligand binding (FH2, FH3) . [23] [24] [25] Four patients (FH4-FH7) were homozygous for the FH Lebanese mutation. 20 This mutation results in transcription of a truncated receptor that not fully processed and is retained in the endoplasmic reticulum (ER), 20 resulting in a receptor-null phenotype.
Although FH patients have elevated total cholesterol levels, plasma triglyceride levels are frequently normal suggesting less of a role for the LDL receptor in the clearance of triglyceride-rich lipoproteins. Although VLDL clearance can be enhanced in Ldlr Ϫ/Ϫ mice through overexpression of the LDL receptor, 26 the extent to which VLDL and IDL apoB are cleared from plasma by LDL receptors in vivo in humans is not established. Packard et al 27 found that modification of the LDL receptor binding region of apoB had no effect on VLDL clearance but reduced clearance of IDL in normal subjects. Using radiolabeled lipoproteins, James et al 2 found VLDL1 and VLDL2 clearance in homozygous FH to be similar to control subjects whereas the FCR of IDL apoB was significantly slower than controls. Soutar et al 3 also observed slower clearance of IDL apoB in homozygous FH. In the current study, using endogenous labeling, we observed slower, but not significant, clearance of IDL apoB in FH patients. The FCRs of VLDL1 and VLDL2 apoB were not significantly different between FH patients and controls indicating a minor role of the LDL receptor in the clearance of these lipoproteins.
The role of the LDL receptor in regulating apoB production was first highlighted in in vitro studies by Williams et al. 4 They noted an increased secretion of apoB from hepatocytes in which the LDL receptor was blocked to prevent lipoprotein uptake. Twisk et al 5 found increased secretion of apoB by primary hepatocytes from Ldlr Ϫ/Ϫ mice when compared with wild-type mice. Analysis of the tracer data suggested that this was caused by reduced presecretory degradation of apoB and reduced capture of newly secreted VLDL. This led to their hypothesis that the LDL receptor may bind apoB intracellularly and target it for degradation. In vivo studies in the WHHL rabbit 6 and Ldlr Ϫ/Ϫ mice 8 showed no differences in the PR of VLDL triglyceride or apoB when compared with Ldlr ϩ/ϩ control animals. Whereas the WHHL rabbit is considered receptor-defective and may be capable of targeting newly synthesized apoB for degradation, the same cannot be said for Ldlr Ϫ/Ϫ mice that are receptor-null. The discrepancy observed between in vivo and in vitro studies in mice may be caused by differential changes in expression of genes involved in VLDL secretion by wild-type and Ldlr Ϫ/Ϫ primary hepatocytes after several hours in culture, although this remains to be tested.
Human kinetic studies using exogenously radiolabeled lipoproteins in patients with homozygous FH have not shown consistent differences with control subjects in the apoB PR. 2, 3 A report by Soutar et al 3 found that VLDL apoB PRs among uncharacterized FH homozygotes, heterozygotes, and normal control subjects were similar. Subsequently, James et al 2 reported that homozygous FH patients had significantly greater (Ͼ60%) apoB PRs as compared with control subjects. Despite this increased PR in the total group of FH homozygotes, those patients with Ͻ10% LDL receptor activity had total apoB PRs that were similar to those for control subjects. In the current study, we used endogenous labeling of apoB and also characterized the precise molecular defects in the LDL receptor gene. We found that the total apoB PR in the homozygous FH patients trended higher than control subjects but was not statistically significant. A subgroup analysis comparing patients with an LDL receptor-null phenotype and control subjects demonstrated that the apoB PR was significantly elevated in the receptor-null FH patients. One receptornull patient (FH6) had elevated plasma triglyceride levels that could potentially result from increased VLDL production. The kinetic analysis revealed that the raised plasma triglyceride level was primarily caused by reduced clearance of VLDL apoB. Despite the metabolic heterogeneity of this receptor-null subgroup, the overall elevated PR measured is consistent with the increased PR measured by Tremblay et al 28 in a single receptor-null homozygote. This result supports a role for the LDL receptor in regulating the presecretory degradation of apoB in vivo in humans.
An alternative explanation for increased apoB production in receptor-null FH patients is unregulated hepatic lipid synthesis resulting from the lack of exogenous cholesterol uptake. 29 Homozygous FH patients with a portacaval shunt have a relatively low total apoB PR. 2 Portacaval shunting has been reported to reduce hepatic lipid synthesis 30 and therefore support this alternative explanation. Unregulated hepatic lipid synthesis could also explain the increased apoB production observed in some studies in heterozygous FH. 28, 31 A recent report indicates that heterozygous FH patients with a receptor-null allele have been shown to have increased apoB production. 28 Further studies in FH patients with other receptor-null mutations would be required to determine whether this is a generalized or mutation-specific effect.
In summary, this first study of apoB metabolism in a group of genetically defined homozygous FH patients confirmed a major role for the LDL receptor in the clearance of LDL, but not VLDL or IDL. More importantly, the total apoB PR was significantly increased in receptor-null FH homozygotes. These studies indicate that the LDL receptor plays a major role in the clearance of cholesterol-rich apoB-containing lipoproteins and may also function in modulating the PR of apoB in vivo in humans. 
